ABSTRACT: Negative impacts of CO 2 -induced ocean acidification on marine organisms have proven to be variable both among and within taxa. For fishes, inconsistency confounds our ability to draw conclusions that apply across taxonomic groups and highlights the limitations of a nascent field with a narrow scope of study species. Here, we present data from a series of 3 experiments on the larvae of mahi-mahi Coryphaena hippurus, a large pelagic tropical fish species of high economic value. Mahi-mahi larvae were raised for up to 21 d under either ambient seawater conditions (350 to 490 µatm pCO 2 ) or projected scenarios of ocean acidification (770 to 2170 µatm pCO 2 ). Evaluation of hatch rate, larval size, development, swimming activity, swimming ability (U crit ), and otolith (ear stone) formation produced few significant effects. However, larvae unexpectedly exhibited significantly larger size-at-age and faster developmental rate during 1 out of 3 experiments, possibly driven by metabolic compensation to elevated pCO 2 via a corresponding decrease in routine swimming velocity. Furthermore, larvae had significantly larger otoliths at 2170 µatm pCO 2 , and a similar but non-significant trend also occurred at 1200 µatm pCO 2 , suggesting potential implications for hearing sensitivity. The lack of effect on most variables measured in this study provides an optimistic indication that this large tropical species, which inhabits the offshore pelagic environment, may not be overly susceptible to ocean acidification. However, the presence of some treatment effects on growth, swimming activity, and otolith formation suggests the presence of subtle, but possibly widespread, effects of acidification on larval mahi-mahi, the cumulative consequences of which are still unknown.
INTRODUCTION
A diversity of marine organisms are negatively affected by CO 2 -induced ocean acidification, yet the occurrence and severity of such effects are highly variable among taxa and life history stages (Kroeker et al. 2013) . While much research has focused on calcifying marine invertebrates, until recently there has been relatively little consideration of acidification impacts on fishes. This is due, in part, to the fact that adult fishes and other organisms with high metabolic rates are relatively efficient at regulating their internal acid -base balance in response to metabolic or environmental disturbances, and thus are considered to be more capable of resisting the effects of ocean acidification (Melzner et al. 2009a) . Unfortunately, there are few comparable data on the ability of early life history stages of fishes to cope with increased environmental partial pressure of carbon dioxide ( pCO 2 ). Embryonic and larval fishes are not equip ped with the same physiological mechanisms as juveniles and adults, but are capable of some internal pH regulation (Brauner 2008) . Nonetheless, existing literature indicates that early life stages of fishes are more susceptible to elevated pCO 2 relative to adults (reviewed by Pörtner et al. 2005) . As the primary period of dispersal for many marine fishes, the larval stage is critical to population replenishment and connectivity (Cowen & Sponaugle 2009) ; therefore, our understanding of the broader population-and ecosystem-level impacts of ocean acidification requires consid eration of this life stage.
The impact of ocean acidification on larval fishes is highly variable among studies and taxa. The range of effects include reduced growth and survival (Baumann et al. 2011) , skeletal deformation (Pimentel et al. 2014a) , altered neurological function (Nilsson et al. 2012) , and disrupted behavior (Munday et al. 2010 , Ferrari et al. 2012 , Hamilton et al. 2014 . Some species have experienced more discrete effects, such as altered otolith (ear stone) development (Checkley et al. 2009 , Munday et al. 2011a , Hurst et al. 2012 , Bignami et al. 2013a ) and impaired tissue health (Frommel et al. 2011) . Several other studies report no pCO 2 effects on fish larvae (e.g. Munday et al. 2011b , Frommel et al. 2013 . Though intriguing, this interand intra-specific variability in response to ocean acidification confounds our ability to formulate general conclusions regarding the fate of fish populations under future environmental scenarios. To better clarify the underlying factors driving patterns of susceptibility or resistance to ocean acidification, it is necessary to examine a diversity of species with distinct differences in life history strategies, physiological capabilities, and habitat use. To date, most studies of ocean acidification impacts on fish larvae have focused on demersal, reef-associated species, with few large pelagic species represented in the literature (except see Checkley et al. 2009 , Bignami et al. 2013a ,b, Pimentel et al. 2014b .
Fishes with a strictly offshore pelagic life history spawn pelagic eggs, undergo planktonic larval development, and live as juveniles and adults in an offshore environment that lacks the extreme diurnal cycles in pH and temperature observed in shallow coastal environments (Hofmann et al. 2011 , Frieder et al. 2012 , Price et al. 2012 . It has been suggested that pelagic species that have adapted to such a stable environment may be more susceptible to future environmental changes, such as ocean acidification, compared to demersal species that regularly experience fluctuating environmental conditions (Munday et al. 2008 , Pörtner 2008 . Prior studies on larval cobia Rachycentron canadum and mahi-mahi Coryphaena hippurus have shown variable impacts of ocean acidification on these tropical pelagic fishes. In particular, cobia larvae have shown some resistance to direct impacts of ocean acidification on growth, development, swimming activity, and swimming ability (Bignami et al. 2013a) , although larvae exhibited altered otolith formation, which has implications for auditory sensation (Bignami et al. 2013b) . However, cobia also use nearshore environments, and the evolution of adaptations to withstand such variable environmental conditions may reduce their susceptibility to acidification (Bignami et al. 2013a) . Conversely, very young mahi-mahi larvae exhibit metabolic depression and behavioral changes under elevated pCO 2 conditions (Pimentel et al. 2014b ). Mahi-mahi, a large tropical pelagic species of high economic value, has an entirely pelagic life history and their response to ocean acidification may be more representative of other strictly pelagic species.
In this study, we examined the response of larval mahi-mahi to predicted levels of ocean acidification. We present data from a series of experiments that investigated a suite of factors that are comparable to those reported for larval cobia and other species, including hatch rate, growth, development, swimming activity, critical swimming speed (U crit ), and otolith formation (Munday et al. 2009 , Baumann et al. 2011 , Bignami et al. 2013a . We hypothesized that mahi-mahi would be more susceptible to acidification than species adapted to more variable natural environments. Thus, we expected larvae exposed to elevated pCO 2 treatments to exhibit reduced growth and development, altered swimming activity, diminished swimming ability, and enhanced otolith growth.
MATERIALS AND METHODS

Study species
Mahi-mahi Coryphaena hippurus is a highly migratory, epipelagic, predatory marine fish with a circumglobal distribution in tropical to subtropical waters (Palko et al. 1982 , FAO 2013 . Spawning of pelagic eggs occurs throughout the year, primarily during warmer months (> 24°C, April to November), with planktonic larvae that hatch at ~3.5 mm standard length (SL), undergo flexion at ~7 to 9 mm SL, and develop via a gradual transition into the pelagic juvenile stage (Ditty et al. 1994) . Mahi-mahi grow rapidly and are capable of hatching, developing, and reaching reproductive maturity in as little as 4 mo (Beardsley 1967 , Oxenford 1999 . Maximum size is as large as 2 m and over 30 kg, however, longevity is short compared with other pelagic species, with an average of 2 yr and maximum of 4 to 5 yr (Beardsley 1967 , FAO 2013 . The species is highly targeted by commercial, artisanal, and recreational fisheries throughout its distribution (Potoschi et al. 1999 , Folpp & Lowry 2006 , Zúñiga Flores et al. 2008 and is one of the top 7 harvested pelagic species in the western central Atlantic (Oxenford 1999) . It has high commercial value, with global fishery landings of over 57 000 tons in 2008 tons in (FAO 2013 .
Experimental design and water chemistry
Three experiments were conducted to assess the effects of elevated pCO 2 on mahi-mahi larvae. In each experiment, ambient seawater was utilized as a control (350 to 490 µatm pCO 2 , Table 1 ). One (during Expt 1) or 2 (during Expts 2 and 3) elevated pCO 2 treatments ranging from 770 to 2170 µatm pCO 2 were applied to simulate projected scenarios of ocean acidification over the next 2 centuries (Caldeira & Wickett 2003 , Meehl et al. 2007 , as well as present-day conditions in some nearshore marine environments (Feely et al. 2008 , Thomsen et al. 2010 . Elevated pCO 2 treatments between 770 and 1600 µatm correspond to RCP8.5 projections that may be reached within the next 75 to 150 yr, while the 2170 µatm pCO 2 treatment slightly exceeds RCP8.5 projections through year 2300 (Meinshausen et al. 2011) .
Seawater carbonate chemistry was manipulated by the addition of equimolar HCl and NaHCO 3 to seawater prior to introduction into tanks (Gattuso 2010 , Bignami et al. 2013a ; see Table 1 for water parameter summary). Tank pH was monitored daily using a handheld pH meter (pH11, Oakton) and Ross Electrode (Orion 9102BWNP, Thermo Scientific) calibrated daily with TRIS buffer. Water samples were collected every 5 d in 250 ml PET bottles, fixed with 100 µl of saturated mercuric chloride, and the total alkalinity (TA) and pH T were measured using automated Gran titration checked for accuracy with Dickson standards (Scripps Institution of Oceanography; Langdon et al. 2000) . CO2SYS was used to solve the carbonate system using the 2 measured parameters (pH T and TA; Lewis & Wallace 1998) . Temperature and dissolved oxygen were measured with a combination meter (550A, YSI) twice and once per day, respectively, and salinity was measured once per day using a refractometer (RHS-10 ATC, Premium Aquatics). During Expts 1 and 3, ambient pCO 2 of seawater was 50 to 200 µatm higher than expected, likely due to respiration in the source seawater (Biscayne Bay, Florida) and within the facility plumbing, but was well below elevated pCO 2 treatment levels. This did not occur during Expt 2. Although temperature was stable within each experiment, there were differences among experiments due to seasonal changes in source seawater and limited heating capability in the rearing system. Due to differences in pCO 2 and temperature between experiments, direct comparison of results between Expts 1, 2, and 3 is not intended.
Larval rearing
All experiments were conducted using adapted methodology for the rearing of larval cobia (Benetti et al. 2008 , Bignami et al. 2013a , described briefly here. Mahi-mahi eggs and larvae for each experiment were produced at the University of Miami Experimental Hatchery (UMEH) from a population of 3 wild-caught broodstock (2 females, 1 male). Mahi-mahi eggs were collected within 12 h of evening/ nighttime spawning, gently transferred into an aerated 300 l fiberglass tank, and provided with a 1 h formalin sterilization treatment (100 ppm) followed by rapid flushing of seawater, and transferred to either an incubator tank or an experimental tank. Experimental tanks received filtered, UV-sterilized sea water at an exchange rate of ~400% d −1 and were aerated with a small amount (<1 l min −1 ) of bubbled air. Tanks were partially submerged in a large water bath to maintain replicate tank temperatures within ± 0.2°C of each other, positioned under 95% shade cloth to reduce light intensity, and fitted with translucent white polyethylene lids to prevent CO 2 offgassing, intrusion of rain water, or introduction of contaminants.
During Expt 1, eggs were hatched within ~36 h in a 1000 l incubator tank where they were allowed to develop until 2 days post hatch (dph). Then, larvae were stocked into 6 replicated 400 l flow-through experimental tanks per treatment, at a density of 9 to 10 eggs l −1
. During Expts 2 and 3, eggs were stocked directly into 4 replicated experimental tanks per treatment immediately following sterilization treatment, to expose them to elevated pCO 2 conditions during a possible window of susceptibility in early development (Baumann et al. 2011) . Acidification treatments were initiated just prior to stocking, reaching full strength within 12 h. In all experiments, feeding began at 2 dph with the addition of enriched rotifers, Brachionus plicatilis, 4 or 5 times d −1
, providing total densities of 3 to 8 rotifers ml −1 d −1 for larvae 2 dph to 10 or 12 dph (depending on larval size), gradually increasing with age (Benetti et al. 2008 ). Beginning at 5 to 8 dph (depending on larval size), larvae were also provided enriched Artemia nauplii at total densities of 0.25 to 1.5 ml
, gradually increasing with age (Benetti et al. 2008) . Greenwater rearing techniques were utilized to provide supplemental nutrients and increase tank turbidity, which has been shown to improve larval feeding and survival in other species (Naas et al. 1992 , Faulk & Holt 2005 . Between 1 and 12 dph, we added 15 to 20 ml d −1 of a concentrated blend of whole cell suspended microalgae (RotiGreen Omega, Reed Mariculture) to rearing tanks throughout the day along with rotifer feedings, maintaining a level of turbidity in which visibility of the tank bottom (~75 cm depth) was obscured.
Throughout all experiments, mortality rates were estimated visually but were not measured quantitatively due to practical limitations. Daily mortality rates were highly variable throughout ontogeny, which is a common scenario during intensive rearing of mahi-mahi larvae at UMEH. Cumulative mortality rates were estimated to reach as high as the mid-90th percentile, regardless of treatment. During Expts 1 and 2, equipment failure (air flow and water supply) resulted in complete mortality of larvae in some tanks, forcing premature termination (prior to 21 dph) of Expts 1 and 2, and analysis was limited to those data collected prior to the failures. During Expts 1, 2, and 3, rearing continued until 17, 13, and 21 dph, respectively.
Hatch rate, size, and development
While stocking experimental tanks during Expts 2 and 3, 50 eggs from each replicate tank were reserved and placed into a closed 1 l high-density polyethylene jar with a 300 µm nylon mesh window and flow-through seawater. During Expt 2, these chambers were suspended in each tank until hatching in experimental tanks was observed to be complete, at which point chambers were retrieved and eggs/larvae preserved for later analysis of hatch rate and size. To determine if embryonic duration varied with CO 2 treatment, during Expt 3, hatching chambers were collected at a set time (sundown), while hatching in experimental tanks was still in progress. Throughout each experiment, subsamples of 5 to 20 larvae were collected from each replicate tank throughout ontogeny, specifically targeting the period of transition from pre-flexion through postflexion. During Expt 3, fewer sampling days were selected to ensure sufficient sample sizes for swimming tests at 20 dph. Larvae were stored in 95% ethanol, a digital image of each larva was captured, and SL was measured to the nearest 0.1 mm using the software Image-Pro Plus (v7.0, MediaCybernetics). We qualitatively assessed progression through flexion according to notochord position (i.e. flexing upwards) and development of caudal fin rays, scoring each larva as 'pre-flexion' or 'undergoing/post-flexion'.
Swimming activity and ability
Swimming activity tests were performed at 8 dph during Expts 1 and 2 according to previous techniques (Bignami et al. 2013a) , described briefly here. Prior to the first daily feeding, 3 subsamples of 5 larvae each were removed from each replicate tank for swimming activity observations. Larvae were allowed to acclimate to a 15 cm diameter observation container for at least 1 h. Following acclimation, each container of 5 larvae was placed individually on a clear shelf inside an enclosed PVC observation chamber with a translucent lid and allowed to re -cover for 2 min. Larval routine swimming activity was recorded for 2 min using a low-light video camera (Hi-Res EXvision, Super Circuits) set 40 cm beneath the observation chamber. Directly following routine swimming observation, a pipette was used to gently add 1 ml of an olfactory stimulant to the center of the observation dish, and swimming activity in response to olfactory stimulation was recorded for an additional 2 min. During Expt 1, food-scented water (30 µm filtered rotifer culture water) was used as an olfactory stimulant. A different olfactory stimulant was used during Expt 2: chemical alarm cues, which are known to be released by a diversity of fish taxa upon damage to the skin (Mathis et al. 1995 , Brown 2003 , Holmes & McCormick 2010 . Prior to behavioral observations, a single 2.5 cm juvenile mahimahi was anesthetized with 10% quinaldine, euthanized by immersion in MS-222, and rinsed with seawater. Both sides of the fish were scored with a blade and it was submerged in 100 ml of seawater for 10 min. This suspension was subsequently used as the olfactory stimulant.
Observation videos were converted to digital files, reduced to 2 frames s −1 , and analyzed for mean and maximum swimming speed, average angle change between 0.5 s observation points, and net-to-gross displacement (del Carmen Alvarez & Fuiman 2005) with the software ImageJ (v1.46p, National Institutes of Health) using the MTrackJ plug-in (Meijering et al. 2012) . Individual larvae were tracked over the entire 2 min routine swimming and subsequent 2 min olfactory stimulation observation periods. To capture periods of active swimming, and because larvae were sometimes stationary for extended periods of time, analyses of average angle change and net-togross displacement were performed on 1 randomly selected 20 s period of active swimming per larva (defined as a minimum of 5 cm gross distance traveled in 20 s).
U crit was measured during Expt 3 for 20 dph postflexion fish using a 6 lane swimming flume similar to that described by Munday et al. (2009) . Larvae were tested in their respective CO 2 treatment groups by adding equimolar HCl and NaHCO 3 to the large, recirculating seawater reservoir connected to the flume. This required larvae to be tested in order of increasing pCO 2 treatment, beginning with ambient seawater and ending with the highest treatment. U crit was measured using the same methodology as Bignami et al. (2013a) , modified from Stobutzki & Bellwood (1997) and described briefly here.
Prior to U crit testing, subsamples of 6 larvae were collected in 1 l containers from each replicate tank before the first daily feeding. Larvae were allowed to acclimate to flume water conditions for at least 1 h before being randomly assigned lanes and allowed to acclimate to the flume for 5 min at a current speed of 2 cm s −1
. During U crit testing, water current speed was increased by approximately 3 cm s −1 at 2 min intervals until larvae failed to maintain their position and were swept against a mesh barrier at the end of each flume lane. Flow calibration was verified using dye immediately before and after the day of testing, and U crit speeds were calculated in body lengths s −1 using the equation
, where V p is the penultimate velocity increment successfully completed for the full time interval (t i ), prior to the velocity increment at which failure occurred (V i ) at a failure time (t f ) less than the full time interval (Hammer 1995).
Otolith analysis
During Expt 3, left and right sagittal and lapillar otoliths were dissected from four 21 dph larvae per replicate tank (total of 16 treatment −1 ), stored in medium viscosity immersion oil, and imaged sulcus side down under a total magnification of 400×. Using Image-Pro Plus (v7.0) software, we digitally outlined each otolith according to pixel contrast and collected measurement data for dimensions including area, length, width, rectangularity, and roundness (otolith area divided by the area of the smallest rectangle able to contain it, and otolith perimeter divided by the circumference of the smallest circle able to contain it, respectively; Munday et al. 2011a,b) . Otolith dimensions were scaled according to the SL of each larva.
Data analysis
All statistical analyses were conducted in R (v2.15.1) using tank mean data, and results were considered significant at p < 0.05. SL, proportion of fish having entered flexion, U crit , swimming activity metrics, and left sagittal and left lapillar otolith shape (roundness and rectangularity) data were analyzed using 1-way ANOVA with CO 2 as a fixed factor and the respective measurement as the response variable. Otolith size metrics were tested using AN -COVA procedures, with each metric as a response variable, pCO 2 as a fixed factor, and SL as a continuous covariate. In the event that one treatment exhibited a significantly different regression slope, that treatment was removed from further analysis. Arcsine transformations were applied to the proportion of fish having entered flexion. Normality and homoscedasticity were verified using Shapiro-Wilk and Bartlett's tests prior to all statistical procedures. Although the majority of data met all assumptions for ANOVA, during Expt 2, tank mean SL data from control treatments were not normally distributed on 13 dph and tank mean data of net-to-gross displacement were heteroscedastic across treatments. However, underlying distributions of subsampled fish were normal and homoscedastic. ANOVA procedures were conducted because of this underlying normality and because F-values are robust to departures from normality and homoscedasticity, with negligible to modest inflation of Type I error (Harwell et al. 1992 , Underwood 1997 .
RESULTS
Expt 1: The SL of larvae during Expt 1 was not significantly affected by elevated pCO 2 treatments for any sampling day (5, 8−12 dph, all p > 0.05; Fig. 1a) . Larvae collected at the termination of Expt 1 (17 dph) showed a similar trend, but statistical analyses were not conducted due to the aforementioned high mortality in some replicate tanks. Larval progression through flexion was not affected by elevated pCO 2 treatments on any targeted sampling day, ranging from 9 to 12 dph (all p > 0.05; Fig. 1b) . Similarly, no metric of routine swimming activity was affected by CO 2 treatment, and larvae did not exhibit any treatment-related change in swimming activity following olfactory stimulation with food-scented water (all p > 0.05). See Table 2 for summary statistics from all Expt 1 analyses.
Expt 2: Hatch rate (> 95% in all treatments) and size-at-hatch were not significantly affected by CO 2 treatment during Expt 2 (both p > 0.05; data not shown), but larvae demonstrated significantly increased SL under both elevated pCO 2 treatments (770 and 1460 µatm pCO 2 ) compared to controls at 5 dph (p = 0.017; Fig. 2a) . A similar result was found at the highest treatment level at 8 dph (p = 0.032), but not at 9 or 13 dph. Correspondingly, a significantly higher proportion of larvae were undergoing flexion at 8 dph in the 1460 µatm pCO 2 treatment compared to controls (p = 0.035; Fig. 2b ). By the second day of sampling for flexion, nearly all larvae had begun to flex and no significant differences were evident. Routine swimming activity was significantly impacted by CO 2 treatment for 1 metric: larvae from the 1460 µatm pCO 2 treatment level exhibited significantly lower maximum swimming velocity compared to controls (p = 0.006; Fig. 2c ). A similar trend was observed for mean swimming velocity, but this pattern was not significant (p = 0.093; Fig. 2d ). Angle change and net-to-gross-displacement were not significantly affected by CO 2 treatment, and there were no significant treatment effects on swimming activity following olfactory stimulation with conspecific chemical alarm cue (all p > 0.05). See Table 3 for summary statistics from all Expt 2 analyses. Expt 3: Both elevated pCO 2 treatments (1190 and 2170 µatm pCO 2 ) exhibited a trend of lower proportion of eggs hatched compared to controls, but this trend was not significant (p = 0.076; Fig. 3a ). There were no significant differences in the SL of larvae on any sampling day (2, 6, and 21 dph, all p > 0.05; Fig. 3b ) and fish were not sampled to analyze progression through flexion. Larvae tested for U crit at 20 dph demonstrated a trend of lower U crit with in creasing pCO 2 , but this pattern was not significant (p = 0.179; Fig. 3c ).
Left sagittal and lapillar otolith length, width, and area were all significantly larger in larvae from the 2170 µatm pCO 2 treatment compared to controls (all p < 0.05; Fig. 4a−c) . Otoliths from larvae in the 1190 µatm pCO 2 treatment were of intermediate size and not significantly different from either treatment or controls (all p > 0.05), with the exception of the left sagitta being significantly wider compared to controls (p < 0.001). The regression of lapillus length and area against SL from the 1190 µatm pCO 2 treatment did not satisfy the assumption of equal slopes compared to ambient and 2170 µatm pCO 2 treatments, and was removed from further analysis. There were no significant differences in otolith roundness or rectangularity between any treatments (p > 0.05). See Table 4 for summary statistics from all Expt 3 analyses.
DISCUSSION
Contrary to our original hypotheses, mahi-mahi larvae were not particularly susceptible to ocean acidification, exhibiting no negative effects on hatch rate, size, development, or swimming ability. However, young Flexion (dph) 8 4.988 0.035 2, 9 C < 1 = 2 9 2.835 0.112 2, 9 C = 1 = 2
Swimming activity
Mean velocity 3.122 0.093 2, 9 C = 1 = 2 Max velocity 9.454 0.006 2, 9 C < 1 = 2 Net-to-gross 0.321 0.734 2, 9 C = 1 = 2 displacement Angle change 0.021 0.980 2, 9 C = 1 = 2 Table 3 . Summary of statistical results from ANOVA of proportion of mahi-mahi larvae hatched (Hatch), standard length (SL), flexion, and routine swimming activity across multiple days post hatch (dph) during Expt 2. Significant results (p < 0.05) are shown in bold. Tukey's post-hoc test results compare ambient pCO 2 (C), 770 µatm pCO 2 (1), and 1460 µatm pCO 2 (2) treatments larvae exposed to acidification were of greater sizeat-age and had de creased routine swimming activity than controls during Expt 2, and acidification also resulted in significant otolith overgrowth compared to controls during Expt 3. The absence of major impacts of acidification on mahi-mahi larvae is consistent with the concept that some resistance to acidification may be possible in species with the ability to maintain tight physiological regulation of their internal environment, a general trait of organisms with high metabolic rates (Melzner et al. 2009a) . By maintaining tight control over internal pH, mahi-mahi may be able to avoid reduced protein biosynthesis that occurs at lower pH (Langenbuch & Pörtner 2003) , thus preventing negative impacts on size and development. Alternatively, more extensive effects of increased pCO 2 may have been too subtle to be detected during the present study. During Expt 1, it is possible that an effect of acidification on growth and development was masked by temperature-driven depression of metabolic and growth rates across controls and treatments. Due to seasonal variation in source seawater, Expt 1 was con ducted at the lowest average temperature (~24°C) and larvae were observed to grow and develop at the slowest rates of any experiment. If acidification impacted the metabolism of larvae, which could be manifested as either a depression (Pörtner et al. 2005) or increase in metabolic rate , the magnitude of this effect could have been reduced to the point of non-detection due to the overall lower metabolic rates and slower growth.
During early development (5 and 8 dph), mahi-mahi larvae in Expt 2 exhibited an increase in size and developmental rate in high-CO 2 seawater. The growth− mortality hypothesis suggests that such results could be beneficial to larval survival in the wild, allowing them to pass through gape-limited pre dation windows more quickly than smaller larvae (Anderson 1988). This is not the first report of an in crease in the size-atage of larval fish under acidified conditions. Chambers et al. (2014) reported a temporary increase in the length-at-age of larval flounder under elevated pCO 2 conditions (1808 and 4714 ppm), during the first 2 wk of development. Additionally, damselfish larvae reared at elevated pCO 2 (550 to 1030 ppm) exhibited up to an 18% increase in length-at-age, which the authors suggested could be accomplished either through in creased energy intake or decreased energy expenditure (Munday et al. 2009 ). In a captive rearing environment, prey are consistently provided at higher quantities than what is expected in nature; thus, larvae in the present study may have been able to increase their energy intake to compensate, or overcompensate, for an in crease in the metabolic cost of acid -base balance under acidified conditions (Deigweiher et al. 2008 . This has been demonstrated with mussels in both laboratory and natural marine environments, where food availability predominantly influences growth compared to increased pCO 2 ). Reduced energy expenditure is also possible through either metabolic depression or behavioral acclimation. Young mahimahi larvae (3 dph) reduce their metabolism under ocean acidification conditions (Pimentel et al. 2014b ), a phenomenon that occurs in other marine organisms as well (Langenbuch & Pörtner 2003) . However, metabolic depression would likely result in reduced growth (Pörtner et al. 2004 ); therefore, a more likely explanation of increased size-at-age may be a reduction in energy expenditure via altered behavioral activity, as was observed for swimming velocity at the same age and during the same experiment (Expt 2) when increased size was detected. A reduction in swimming velocity could help compensate for possible CO 2 -driven increases in the metabolic cost of acidbase regulation, allowing for re-allocation of metabolic resources to somatic growth. Pimentel et al. (2014b) also reported altered swimming behavior in mahimahi larvae approximately 3 to 5 d younger than those in our study, under slightly higher pCO 2 conditions (1670 µatm), though there was no corresponding change in larval size. In the present study, differences in larval size among treatments de creased to a point of non-significance after 8 dph, suggesting that this behavioral response or its effectiveness may be transient. Reduced routine swimming velocity may have important ecological implications for the feeding and survival of larvae in the wild. Prey encounter rate is directly related to predator swimming speed (Gerritsen & Strickler 1977) , thus larvae under elevated pCO 2 conditions may exhibit reduced feeding success due to lower encounter rates. This would not be evident in a laboratory scenario with abundant availability of prey, but could be critical in nature, where starvation is thought to be an important process influencing larval survival and recruitment magnitude (Houde 1989) . Reduced food intake also has the potential to interact with larval susceptibility to elevated pCO 2 : for example, cobia exhibit reduced starvation resistance under acidified conditions (Bignami 2013) . This combination of effects could negatively influence cumulative survival through the larval stages and result in lower recruitment magnitude into the adult population.
During Expt 3, we observed no significant change in hatch rate or U crit under elevated pCO 2 treatments. These U crit results are consistent with other species at various ontogenetic stages (Melzner et al. 2009b , Munday et al. 2009 , Bignami et al. 2013a . Not surprisingly, otolith growth was higher in larvae raised under acidified conditions. This has been observed in a number of species (e.g. Checkley et al. 2009 , Munday et al. 2011a , Bignami et al. 2013b and is thought to be caused by the establishment of a more favorable calcifying environment through the retention of bicarbonate ions in the extracellular fluid, a physiological mechanism used by fishes to compensate for increased blood pCO 2 during hypercapnic events (Esbaugh et al. 2012) . The presence, absence, or severity of otolith overgrowth may be directly related to the magnitude of this physiological response as well as the non-carbonate blood buffer capacity of different species. The lowest pCO 2 known to affect otolith development is 800 µatm, for 21 dph cobia (Bignami et al. 2013a) , while in other species much higher treatments (~4000 µatm) have failed to induce a significant change (Frommel et al. 2013) . Otolith size and density influences the function of otoliths as auditory sensory organs: modeling of larval cobia otoliths with up to 58% greater mass indicated increased auditory sensitivity and a ~50% extension of hearing range (Bignami et al. 2013b ). In the present study, we found an increase in otolith size; thus mass is likely to be increased as well, which could similarly impact the auditory sensitivity and hearing range of mahi-mahi larvae. Although mahi-mahi do not navigate and recruit to a noisy benthic environment like many reef fishes, auditory sensation likely plays an important role in prey detection, communication, and navigation in the pelagic environment. This study provides perspective on the impact of acidification on the larvae of a species with a similar life history strategy and physiological characteristics as other offshore pelagic fishes. The impacts on growth, behavior, and otolith development reported here, along with metabolic and behavioral effects reported by Pimentel et al. (2014b) , indicate that mahi-mahi are not immune to the impacts of ocean acidification. However, neither mahi-mahi nor other pelagic species such as cobia have demonstrated substantially greater susceptibility to ocean acidification than the nearshore demersal species that are presumably better adapted to variable environmental conditions (Munday et al. 2008 , Pörtner 2008 . Although these findings offer a potentially optimistic outlook for the future of large pelagic species in the face of ocean acidification, research on entirely pelagic tropical species remains limited. Furthermore, the present study did not address several important factors, such as more subtle impacts of acidification, the cumulative effect of long-term exposure to ocean acidification and its potential effects on growth and reproduction (Pörtner et al. 2005) , or the combined effect of multiple stressors, which fishes will experience as a result of climate change. Continued study of the impacts of ocean acidification on species with distinct life history characteristics will strengthen our knowledge of the diversity of ecological responses to acidification and enable informed management and conservation decisions. 
